The first step in viral invasion of a multicellular organism involves the infection of a superficial layer of polarized epithelial cells. The progeny virions resulting from this infection are usually released in a polarized fashion from the epithelial cell surface (50, 63) . It is believed that the ability of a virus to bud apically or basolaterally from epithelial cells plays an important role in the pathogenicity and invasiveness of the virus (for a review, see reference 63). Although viruses which bud apically from infected epithelial cells, such as influenza viruses, might still cause systemic infections, viruses that bud basolaterally may more easily reach the underlying tissues and establish faster systemic infections. In fact, the budding site of Sendai virus in polarized epithelial cells, in addition to the cleavage-activation of the fusion glycoprotein by ubiquitous proteases, has been shown to be one of the determinants for organ tropism and pathogenicity in mice (60) .
Viral budding at specific membrane locations requires the transport of all structural viral components to these specific membrane domains. Accordingly, viruses have evolved mechanisms for the polarized transport of their proteins to the apical or basolateral surfaces of epithelial cells, characterized by different protein and lipid compositions, segregated by tight junctions (47, 48) . Integral viral envelope proteins are segregated immediately after their synthesis in the endoplasmic reticulum, in the trans-Golgi network, by incorporation into different post-Golgi vesicles that fuse with either apical or basolateral plasma membrane domains (46, 65) . Segregation into different post-Golgi vesicles is directed by apical and basolateral sorting motifs present in the transported proteins. Influenza virus hemagglutinin (HA) and neuraminidase (NA) proteins have apical targeting information in their transmembrane domains (23, 52) , whereas vesicular stomatitis virus G protein and human immunodeficiency virus type 1 (HIV-1) gp160 have basolateral targeting signals in their cytoplasmic domains (11, 44, 50, 61) . The signals and mechanisms utilized by viral glycoproteins to reach apical and basolateral domains are identical to those used by endogenous plasma membrane proteins (for reviews, see references 24, 38, and 49) .
In contrast to the wealth of information on the sorting of viral integral membrane proteins, considerably less is known about the mechanism responsible for the localization of internal viral components, such as the matrix and capsid proteins. It has been hypothesized that specific interactions between the polarized viral glycoproteins and the capsid or matrix components of the virus may mediate the transport of the latter to the budding surfaces in infected cells. Evidence for an interaction between the viral glycoprotein HN and the viral matrix M protein of Newcastle disease virus has been obtained (12) . For Sendai virus, expression of the viral glycoproteins HN or F appears to enhance the association of the viral M protein with membranes (3, 54, 55) . For HIV-1, it has been shown that the location of the envelope protein determines the site of virus budding in polarized cells (9, 32, 45) . However, there are examples of polarized viral budding occurring independently of the polarized envelope viral glycoproteins. Budding of measles virus in MDCK cells occurs at apical surfaces even though its surface glycoproteins H and F are transported in a nonpolarized fashion and to the basolateral membrane domain, respectively (33) . Similarly, the spike protein of coronavirus is not involved in the polarized sorting of this virus (51) . Moreover, Marburg virus glycoprotein is transported in MDCK cells mainly to the apical surface, while progeny viruses are released exclusively at the basolateral surface (56) .
In the case of influenza A virus, viral assembly and budding occurs at the apical surface of infected cells (50) , the site of accumulation of its three viral integral membrane proteins, the HA, NA, and M2 proteins, which is mediated by specific sorting signals that promote their association with sphingoglycolipid rafts (5, 19, 23, 30, 52) . In contrast, the mechanism responsible for the transport of the viral proteins which form the inside of the virion to the apical budding surfaces of the infected cells is poorly understood. For example, the role of the HA, NA, and M2 proteins in the localization of the viral matrix protein, M1, which lies underneath the viral envelope, is unclear (10, 25, 67) . Interestingly, it appears that M1 interactions with HA and NA mediate the association of M1 with detergent-resistant membranes (2, 4, 69) .
Here, we report experiments to characterize the role of influenza virus HA, the major envelope protein of influenza virus, in the polarized assembly of the virus. The experiments are based on an observation by Brewer and Roth (7) that a single amino acid change at the cytoplasmic tail of the HA is responsible for a dramatic change in its localization from the apical to basolateral membranes when stably expressed from a cytomegalovirus promoter in polarized MDCK cells. We have investigated the influence of this amino acid mutation in viral capsid and matrix protein transport and virus budding by using a recombinant influenza virus expressing this mutant HA protein. The transfectant influenza A/WSN/33 virus (C560Y, H1 subtype) was previously generated (71) . Its HA was mutated at amino acid position 560 by substituting the wild-type cysteine residue with a tyrosine (71) . This amino acid position lies within the 10-amino-acid cytoplasmic tail of the HA protein (Fig. 1A ). An identical substitution was previously shown by Brewer and Roth (7) to be responsible for basolateral transport of the HA in cells stably expressing the corresponding HA mutant protein of an H2 subtype. Although the H1 and H2 HAs are antigenically different, their 10-amino-acid cytoplasmic tails are identical. Therefore, it was expected that transfectant C560Y virus-infected cells will express the viral HA at the basolateral surface. Transfectant influenza A/WSN/33 viruses with phenylalanine and alanine amino acid substitutions at C-560 (C560F and C560A) had also been constructed previously. The mutations generated in these viruses are represented in Fig. 1A .
We first investigated the polarized HA expression in virusinfected MDCK cells by indirect immunofluorescence confocal microscopy. MDCK cells were grown on 0.4-m-pore-size polycarbonate Transwell R chambers (Corning Costar Corporation, Cambridge, Mass.) in Dulbecco modified Eagle medium supplemented with 5% fetal bovine serum, penicillin (50 mU/ml), and streptomycin (50 g/ml). At 3 to 5 days postconfluency, the cells were infected as previously described (50) with WSN wild-type virus or with C560Y, C560A, or C560F viruses at a multiplicity of infection (MOI) of 5. In these experiments the intactness of the monolayers prior to infections was monitored by measuring the transepithelial electrical resistance. At 11 h postinfection, cells were fixed with 2% paraformaldehyde, quenched with NH 4 Cl, permeabilized with 0.075% saponin in phosphate-buffered saline with 0.5 mM Ca and 0.5 mM Mg (PBS-CM), and incubated with H15-C5-1R1, an HA-specific monoclonal antibody (6), and with a rabbit polyclonal antibody against ␤-catenin (Sigma, St. Louis, Mo.). HA and ␤-catenin bound antibodies were visualized by using Alexa Fluor 594 (red)-and Alexa Fluor 488 (green)-conjugated secondary antibodies, respectively (Molecular Probes, Eugene, Oreg.). Labeled monolayers were examined and scans were obtained either as x-y (en face) or x-z (transverse) sections in a dual-channel laser scanning confocal microscope (Sarastro; Molecular Dynamics, Sunnyvale, Calif.). The results shown in Fig. 1B indicate that, while the HA protein is mainly located at the apical surface in wild-type, C560A, and C560F virusinfected cells, a significant fraction of the HA is located at the basolateral surface in C560Y virus-infected cells. In all cases, ␤-catenin was located at the lateral (cell-cell interface) surfaces, a finding consistent with the known distribution pattern of this cellular protein in adherens junctions (1).
Brewer et al. previously reported that the equivalent C560Y mutation in the H2 protein of influenza A/Japan/305/57 virus (C543Y in H2 nomenclature) was responsible for a change from apical to basolateral localization upon stable expression of the HA in the absence of other viral components (7) . While the C543Y Japan HA was ca. 90% basolateral in stably transfected MDCK cells, expression of C560Y WSN HA in infected MDCK cells was observed at both apical and basolateral surfaces (Fig. 1B) . These results may be explained by differences in polarized transport of H1 and H2 subtype HA containing the Y mutation at the cytoplasmic tail. In order to explore this possibility, MDCK cells were cotransfected with plasmid pCB7, encoding for hygromicin resistance and with plasmids pCAGGS-HAwt or pCAGGS-HAC560Y expressing wild-type and C560Y HA of WSN virus under the control of a chicken actin promoter (42) . Stable MDCK cell clones expressing HA wild-type or HA C560Y mutant were selected in medium containing 0.2 mg of hygromycin/ml. Independent cell clones were expanded, and the distribution of the HA at the cell surface in these clones was studied by immunofluorescence with HA monoclonal antibody and rabbit polyclonal antibody against caveolin-1 (BD Transduction Laboratories), a protein with nonpolar distribution within the cell (37) . Results from two representative clones are shown in Fig. 1C . Wild-type HAexpressing MDCK cells showed apical distribution of HA at the cell surface, as expected. By contrast, the C560Y HA was distributed at both apical and basolateral surfaces in MDCK cells.
Previously, we found that the total levels of viral protein expression were similar among cells infected with wild-type, C560Y, C560A, and C560F viruses (data not shown). In order to quantitate the altered steady-state distribution of the HA protein seen by immunofluorescence in C560Y virus-infected cells, we performed biotinylation studies. Filter-grown MDCK cells were infected with WSN wild-type or with C560Y, C560A, or C560F influenza viruses at an MOI of 10, metabolically labeled with [ 35 S]methionine and [ 35 S]cysteine, and biotinylated from the apical or the basolateral side at 7 or 10 h postinfection, as previously described (28) . Briefly, steady-state metabolic labeling was performed by the incubation of filters for 4 or 7 h (prior to biotinylation) with 200 Ci of Express 35S35S-label (Perkin-Elmer Life Sciences, Inc., Boston, Mass.)/filter in methionine-cysteine-free Dulbecco modified Eagle medium-0.2% bovine serum albumin supplemented with 0.1 volume of complete medium. Metabolically labeled monolayers were then biotinylated at 4°C by the addition of sulfo-NHS-biotin (0.5 mg/ml in PBS-CM) to the upper (apical) or the lower (basolateral) compartments of the filter chamber. The other compartment received an equivalent volume of PBS-CM. Biotinylation of monolayers on Transwells with biotin was carried out twice in a row for 15 min each. After removal of the biotin solution, the excess reactive biotin was blocked with 50 mM NH 4 Cl-PBS-CM. After extraction, immune precipitation, and streptavidin precipitation, the amount of apically or basolaterally biotinylated HA was measured by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) ( Fig. 2A) , followed by densitometry (Fig. 2B) . As expected, most surface HA protein (Ͼ 90%) was delivered to the apical membrane in cells infected with wild-type virus. In contrast, approximately equal amounts of HA were delivered to both apical and basolateral surfaces in cells infected with C560Y virus. Monolayers infected with C560A and C560F mutant viruses had a distribution of HA similar to that of cells infected with wild-type virus. The results demonstrate that a single amino acid change in the cytoplasmic tail of the HA protein results in altered (nonpolar) delivery of HA in cells infected with the C560Y virus. Interestingly, the percentage of basolateral HA (H1 subtype) was ca. 50% rather than the ca. 90% observed upon stable expression of the protein (H2 subtype) in the absence of other viral components (7) . Analysis of MDCK cell clones stably expressing C560Y HA showed that, when this mutant H1 HA was expressed in the absence of other viral proteins, between 48 and 56% of the HA is located at the basolateral membrane (data not shown).
The nonpolar HA distribution caused by the C560Y mutation could affect the polarized budding of new virions from infected cells. To determine whether this is the case, we studied virus particle formation from the basolateral and apical membranes of cells infected with transfectant influenza viruses. As shown in Table 1 , most infectious virus particles were released from the apical surface of cells infected with all three transfectant viruses, including C560Y. Thus, the mistargeting of significant amounts of HA to the basolateral membrane did not result in a redistribution of the areas of infectious influenza viruses assembly from the apical to the basolateral cell surfaces. The overall decrease in virus titers observed with C560Y virus might be explained by lower virus release due to lower levels of HA in the apical surface or to a decrease in viral budding due to the C560Y mutation. However, we cannot exclude that some other HA functions have been affected by the C560Y mutation resulting in decreased infectivity.
It might be possible that the transport of a significant percentage of the HA of C560Y virus to the basolateral membrane results in the basolateral relocation of several viral components sufficient for the budding of viruses which are noninfectious. In order to test this possibility, we performed electron microscopy studies of virus-infected cells. Polarized MDCK monolayers on polycarbonate filters were inoculated with wild-type or transfectant C560Y viruses at an MOI of 5. After 10 h of infection, the cells were analyzed by electron microscopy. Briefly, after three rinses with PBS-CM, the cells were fixed with 2% glutaraldehyde plus 1% paraformaldehyde in PBS-CM for 30 min. After three 0.1 M cacodylate buffer (pH 7.4) rinses, the samples were postfixed with 1% OsO 4 in cacodylate buffer, block stained with 1% aqueous uranyl acetate, dehydrated in graded alcohols, and embedded in Epon 812. Specimens were examined with a JEOL 100 CX electron microscope. As shown in Fig. 3 and 4 , budding influenza viruses were mainly detected at the apical surfaces in both wildtype and C560Y virus-infected cells. C560F and C560A viruses also budded mainly from apical surfaces of MDCK-infected cells (data not shown).
Incorporation of the HA in the virus particles may occur through specific interactions with other structural virus proteins. These interactions could lead to the colocalization of the interacting proteins in the same subcellular location. Thus, the distribution of different viral proteins at late times of infection was analyzed by confocal microscopy in C560Y-infected cells (Fig. 5) with monoclonal antibodies 10C9, HT103, and E10 directed against the NA, NP, and M1/M2 proteins of influenza A/WSN/33 virus, respectively (53, 70) . E10 is a monoclonal antibody raised against the shared amino-terminal domain of M1 and M2 proteins of influenza A viruses, and it recognizes both M1 and M2 proteins (53) . Although almost half of the HA protein was transported to the basolateral membrane in these cells (Fig. 1) , all other viral structural proteins which were analyzed (NA, M1 ϩ M2, and NP) were mainly located at the apical surface where virus budding takes place. As expected, these proteins were also apically transported in wildtype virus-infected cells. In these experiments we used MDCK cells at 11 h postinfection, when most of the structural viral proteins are distributed at the viral budding areas. Of interest, since the NA protein of WSN is known to facilitate the cleavage of the HA into HA1 and HA2 subunits (15, 29) , apical location of NA may be responsible for the impaired HA cleavage at the basolateral surface of C560Y virus-infected cells ( Fig. 2A) .
We have investigated the transport of the HA protein in polarized epithelial MDCK cells infected with the transfectant influenza virus C560Y. This virus contains a single amino acid change in the HA protein of influenza A/WSN/33 virus (H1 subtype) which results in the presence of a novel tyrosine residue in the cytoplasmic tail of the protein. An identical change was found to be responsible for the basolateral delivery of the HA protein of influenza A/Japan/305/57 virus (H2 subtype) in polarized MDCK cells which were constitutively expressing the mutated HA (7). In agreement with this observation, we found that the apical transport of the HA in C560Y 35 S labeled. At the indicated time point, proteins at the apical or basolateral membranes were biotinylated, cell extracts were made, and the HA was immunoprecipitated. After immunoprecipitation, the biotinylated HA was recovered with immobilized streptavidin and subjected to SDS-PAGE and autoradiography in order to determine the HA fraction present at apical or basolateral surfaces. Signals corresponding to uncleaved (HA0) and cleaved (HA1 and HA2) HA are indicated by the arrows. (B) The relative intensity of the HA present at apical (black columns) and basolateral (gray columns) surfaces was quantified by densitometry. virus-infected cells was decreased, and a significant proportion of the HA was now delivered to the basolateral membranes. However, apical delivery of the HA was not totally eliminated, and ca. 50% of this protein was still transported to the apical surface of the plasma membrane. Similar results were obtained when the C560Y WSN HA was expressed in MDCK cells in the absence of other viral proteins. The polarized apical transport of the constitutively expressed H2 HA mutant protein was previously shown to be more drastically reduced (7) . The differences in polarized transport between the H1 and H2 HA mutant proteins might be due to differences in the amino acid composition and/or structure outside the cytoplasmic tails of these HA molecules.
The cysteine residue 560 in the cytoplasmic tail of the HA of influenza viruses has previously been shown to be palmitoylated (40, 41, 57, 58, 64) . As HA was apically transported in cells infected with transfectant viruses C560A and C560F, the altered transport of the HA of C560Y virus was due to the presence of a new tyrosine residue in the cytoplasmic tail rather than to the loss of a palmitoylation site. A critical tyrosine residue is a common feature of basolateral transport signals in the cytoplasmic tail of cellular and viral glycoproteins (18, 20, 31, 32, 34, 36, 43, 61, 62) . The tyrosine mutation has been found to mediate the internalization and cell surface recycling of the H2 HA through coated pits (27) ; however, we have not yet explored whether this is also the case for the H1 HA protein of the transfectant C560Y virus.
The glycoproteins of several enveloped viruses, when expressed in the absence of other viral structural proteins, are transported to the membrane domains where budding takes place (23, 48, 52, 59) . This observation led to the hypothesis that the place of insertion of the viral envelope proteins determines the site of viral assembly. Mechanistically, this hypothesis requires that specific interactions between the envelope proteins and internal components of the virus are established in infected cells. In the case of influenza A virus there are three different integral viral envelope proteins: HA, NA, and M2. All of them are independently transported to the apical membrane and represent potential key elements in the determination of the membrane domain for virus assembly and budding in polarized epithelial cells. The altered transport of the HA protein of the transfectant influenza virus C560Y provided us with a unique opportunity to investigate the role of the subcellular HA localization in the viral budding process. We have found that, despite the accumulation of almost 50% of the surface-associated HA in the basolateral compartment of virus-infected cells, viral assembly and budding continues to be restricted to the apical surface. These results suggest that the HA is not a major determinant for the localization of viral budding in influenza virus-infected cells. However, we cannot exclude the possibility that interactions of the C560Y mutant HA with the cell-sorting machinery prevents its interaction with other viral components. It will be interesting to generate influenza virus mutants containing basolateral transport signals in their NA and M2 proteins in order to know the influence of these two viral integral membrane proteins in the viral budding localization.
It is possible that redundant signals in the HA, NA, and M2 cytoplasmic tails might mediate interactions with internal viral components, resulting in the targeted apical release of influenza viruses. Both the HA and NA cytoplasmic tails have been reported to stimulate the membrane association of the M1 protein (10), most likely by stimulating association of this protein with detergent-resistant membranes or lipid rafts (2, 4, 69) . Although it was possible to generate infectious influenza viruses which lack the cytoplasmic tails of the HA, NA, or M2 proteins (13, 21, 35, 66) , an influenza virus lacking the cytoplasmic tails of both HA and NA proteins showed altered virion morphology (22) and genome packaging (68) . These results suggest that the cytoplasmic tail domains of the HA and NA proteins contain redundant signals involved in viral budding. In addition, a role of the transmembrane domains of the viral envelope proteins in promoting protein-protein interactions leading to apical virus budding cannot be excluded. Consistent with our virus budding results, NA, M2, M1, and NP proteins are targeted to the apical membranes in wild-type and C560Y virus-infected cells. M1 and NP proteins are the major internal components of influenza viruses. NP is associated with the genomic RNA in form of ribonucleoprotein (RNP) complexes, while the M1 appears to be enwrapping the RNPs (39) . Although it is known that the M1 protein can interact with membranes (8, 16, 17, 25) and that this protein appears to provide the budding force required for virus particle formation (14, 26) , the signals responsible for the transport of the M1-RNP complexes to the apical surfaces in polarized cells infected with influenza viruses are unknown. Here we provide evidence supporting that the HA protein, which is the most abundant viral envelope protein, does not provide such a signal. Our experiments suggest that the responsibility for polarized influenza virus budding is shared by several of its membrane and matrix components. Whether the delivery of the M1-RNP complexes to the apical inner surface of infected cells is due to an intrinsic signal within this complex or to the establishment of interactions with the NA or M2 proteins is a subject that requires future experimentation.
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